The use of low (LCFA) and high (HCFA) calcium fly ashes in the cement industry allows the implementation of European Union proposals on waste management and energy saving. However, the possibility of using HCFA is limited, because the properties of such waste from coalfired power plants must comply with national regulations. The paper shows the effect of partial replacement of Portland cement (OPC) by these fly ashes on the resistance of the sulphate attack of the mortars immersed in a 5% solution of sodium sulphate. In order to determine the optimal amount of ash additive, a research plan was designed using statistical methods using the Gibbs triangle for mixtures. Samples of control mortars of OPC, binary mixtures of HCFA or LCFA and ternary mixtures of HCFA/LCFA were made. The composition of the blends was designed in accordance with the statistical plan of the experiment for mixtures. The testing program included linear strains, compressive strength and microstructure tests using SEM with EDXA and XRD analysis. The results of laboratory tests and statistical analyzes have shown that fly ash has a positive effect on the sulphate resistance of cementitious composites.
Introduction
The fly ashes from waste are widely used in construction as an active ingredient in the binder of cementitious composites. The fly ashes (FA) play a great importance in the modern concrete engineering and their use allow for economic and environmental benefits. High and low calcium fly ashes, as components of concrete modify the properties of both concrete mixture, fresh mortars as well as concrete and mortars. Properly used, they enable the production of high-quality and durable concrete in an ecological and economical way. The use of fly ashes for cement or concrete mixture allows to reduce the consumption of cement clinker to produce concrete, which results in a reduction of carbon dioxide emissions to the environment and a reduction in the consumption of fossil fuels and natural resources. Low calcium fly ashes are widely used as additives for cement and concrete. Around 675 million tons of fly ashes are produced every year around the world, of which only 16% [1, 2] are used. In Poland, about 20 million tons of fly ash is generated every year, half of which is from the combustion of lignite [3] . Due to the existing legal provisions [4] [5] [6] HCFA is used only in 20%. The percentage of using the total Polish production of fly ash is 60% [7] . The composition of fly ash is unfortunately quite variable, because it depends on many factors [8, 9] . Fly ash is used for masonry cements as a hydraulic binder in road engineering to stabilize the ground, substructure of low traffic and strengthening embankment slopes [10] .
In the international literature [11] [12] [13] there have been found attempts to use HCFA for cementitious composites exposed to sulfate attack. These authors found that the additive was less effective than low calcium fly ash. However, the influence of various amounts of ash addition on sulfate resistance has not been investigated. The sulphate resistance of fly ash depends on the content of reactive crystalline phases and amorphous phases (calcium and aluminosilicate) [14, 15] . The higher content of CaO and SO 3 as well as the reduced amount of SiO 2 and Fe 2 O 3 in high calcium fly ash reduce the sulphate resistance of cementitious composites. Tishmack et al. [16] explains the low resistance of HCFA to sulfate attack smaller ratio of SO 4 /Al 2 O 3 , which promotes the formation of monosulphate. When the mortar is subjected to sulfate attack, the monosulphate is transformed into expansive ettringite. Attempts have been made to increase the HCFA sulfate resistance by adding gypsum to the mortar to optimize the SO 4 /Al 2 O 3 ratio [17, 18] or silica fume [17, 19] . Current research focuses largely on the durability of cemen- Oeq  OPC  19,5  6,0  3,1  62,1  1,75  1,7  2,6  0,03  0,8  LCFA  50,5  26,1  7,4  4,5  2,9  0,5  0,01  HCFA  45,2  20,8  4,6  20,6  1,5  3,0  0,014  0,23  0,19 titious composites in the presence of sulphates [20, 21] , because the sulphate resistance is a component of durability, which concerns the servicing of materials used in construction. Cement composites show deterioration after immersion in a sulphate solution due to expansion and cracking of the cement paste [22] . The loss of durability results from the formation of ettringite and gypsum due to the destruction of the C-S-H phase [23] . However, it has been proven that the use of fly ash causes a significant improvement in sulphate resistance [24] . Pozzolanic reaction reduces the amount of calcium hydroxide and the formation of lowcalcium phase C-S-H and C-S-A-H, which were the most sulfate resistant [25] .
Purpose and scope of the study
The aim of the research included in this article was to investigate the effect of using HCFA for cementitious composites exposed to sulphate attack in relation to the effect of LCFA. It was also considered important to determine the optimal amount of HCFA and LCFA and their mixture, which can be introduced into the binder while maintaining high sulphate resistance of cementitious composites. Due to the variety of problems and research results, statistical methods of experiment planning and development of obtained research results were used. The statistical methods and models used are described in detail in the following chapters. ash (HCFA) with roasting losses of 2.7% and the specific surface of the ash equal to 2860.00 [cm 2 /g] on the scale according to Blaine. Phase composition of low and high calcium fly ashes determined using XRD was presented on the diffraction patterns in Figure 1 .
Materials and methods used for testing
The fly ash used for the tests had a high content of reactive silica. The SiO 2 content in both low and high calcium fly ashes was above 25%, which influences their increased pozzolanic activity. In the case of HCFA, an increased content of CaO calcium above 15% was also observed, which may affect their greater hydraulic activity.
Seven series of mortars were performed in which the ratio of water to binder (w/s) was constant 0.6. The proportions of components in the fresh mortars were as follows binder:sand:water = 1:3:0.6. Natural quartz sand with a grain diameter of 0-2 mm was used for the mortar. For each series of mortars, 6 samples with dimensions of 4×4×16 cm were made, on which, according to PN-EN 196-1:2005 [26] a compressive strength test and 6 samples with dimensions of 2×2×16 cm were made, which after 28 days of curing un- der conditions air-dry were immersed in a 5% solution of sodium sulphate as recommended by PN-B-19707 attachment C [27] . Table 2 shows the percentage of cement materials tested. The sulphate solution was replaced every 28 days.
The research program was designed based on a statistical experiment plan for ternary mixtures. The composition of the cement mortar binder was selected on the basis of the Gibbs triangle covering the area of up to 40% replacement of Portland cement by LCFA and HCFA or a mixture of them ( Figure 2 ). The binder composition of the tested mortars was developed on the basis of the simplex plan of the experiment, which is used when testing the properties of a mixture depending on its composition. The rules for the selection of the composition of the mixture can be described using the variable vector:
the variables are imposed by the following physical limitations:
1. the volume of the mixture is constant regardless of its composition:
2. the content of each component in the mixture is nonzero:
In the case of cement mortar containing three components such as: Portland cement, low and high calcium fly ashes, all possible compositions of the mixture lie in a plane delimited by a triangle (Figure 2 ).
Test results and discussion
Mortars made of Portland cement showed the least resistance to the influence of the sulphate solution ( Figure 3 ). Mortars in which 20% cement was replaced by LCFA were damaged faster than mortars with 20% high calcium fly ash. It should also pay attention to the positive effect fly ashes mixtures for sulphate resistance of cement composites. Mortars with 40% content of fly ashes (low nad high calcium fly ashes as well as their mixture) showed practically no signs of damage, and the value of strain during the entire test period did not exceed 1h.
The compressive strength was tested after 28 days of curing and after 170 and 360 days of immersion of the samples in the sodium sulphate solution and at the end of the test, respectively, when the samples showed signs of damage. The average strength changes on a percentage scale are shown in Figure 4 . For each tested series, the value of the strength tested after 28 days of curing is 100%.
The compressive strength of Portland cement mortars after 28 days of curing was higher than mortars with low and high calcium fly ashes. The lower 28-day mortar strength with a mineral admixture is associated with a relatively slow course of pozzolanic reaction in the initial hydration period. Despite the impact on the mortar of the aggressive solution for the first 170 days, the compressive strength of the samples in which 20%, 26.6% and 40% Portland cement were replaced respectively by low and high calcium fly ashes increased significantly. The mortars which 20% cement OPC was replaced with HCFA after 170 days immersed in 5% Na 2 SO 4 , compressive strength increased by about 20%, while in the case of mortars with a 20% percentage of silica ash an increase of about 10% was observed. In mortars in which 40% of OPC was replaced by LCFA or / and HCFL, an increase in strength by 15% was observed. In the case of an increased amount of ash in the binder, i.e. 40%, the decrease in strength after 360 days of residence in the solution was no more than 10% for each mortar in relation to strength after 170 days. 
Microstructure of mortars immersed in 5% Na 2 SO 4 solution
In order to identify changes in the microstructure of cement mortars with the low and high calcium fly ashes or their mixtures X-ray diffraction was carried out at the moment of sample damage ( Figure 5 ). The test time was different for each type of mortar. Samples made of OPC were taken for testing after 220 days in a 5% Na 2 SO 4 solution. In the case of specimens in which the binder had a mineral admixture, this time was extended accordingly. The analysis of diffractograms has shown that the main products of sulphate attack are ettringite and gypsum. In the sample with low calcium fly ash, small reflections of portlandite were found. In mortars with 40% content of LCFA, the intensity of the gypsum phase reflections was less significant than in the case of mortars with 20% LCFA. This suggests slower reactions of sulphate ions with leaven in mortars with a larger amount of LCFA in which portlandite was also observed. Due to the fact that the test on mortars in which 40% Portland cement was replaced with fly ashes or their mixture was made while mortars with 20% ash content were damaged. The portlandite peaks and relatively low intensity of gypsum and ettrinigt peaks are clearly visible, which indicates a slight progress of corrosion.
The results of the test ( Figure 6 ) carried out using the scanning electron microscope confirmed the presence of the same products that were identified by X-ray diffraction. In mortar samples, in which 20% LCFA, the most frequently observed corrosion product was gypsum. Figure 6a and 6b show the image and chemical analysis at the gypsum and ettringite points respectively in the samples tested. The common occurrence of sulfur, aluminum and calcium confirms that the corrosion products observed in this area are ettringite crystals.
Statistical analysis of linear deformations and compressive strength of mortars
Statistical analysis was performed based on the simplex plan of the experiment for ternary mixtures [28, 29] . The calculations were performed in the R computing environment in version 3.3.1 (2016-06-21). The level of significance of all performed tests was assessed against the usual level of α = 0.05. In order to determine the sulphate resistance of cement composites and the influence of fly ash included in the binder, an analysis of linear strains of samples subjected to sulfate attack and their compressive strength tested after 170 days in solution. The analyzes were carried out in accordance with the experimental design described on the second degree Simplex Lattice Design for three factorsi.e. the content of: cement (OPC), low calcium fly ash (LCFA) and high calcium fly ash (HCFL). The acceptance of the diagram (Figure 2) allowed to examine the effect of mortar composition on linear strain measure and strength taking into account possible synergistic effects (interac- Figure 5 : Diffraction pattern of mortars exposed to sodium sulphate (a) OPC mortar after 220 days in the solution, (b) M2-1 after 450 days, (c) M3-1 after 700 days, (d) M4-1 after 560 days, (e) M2-2 after 700 days, (f) M3-2 after 700 days, (g) M4-2 after 700 days in the solution. tions) between individual components of the cement mortar binder. The coefficients for individual effects in models based on the adopted experiment plan will mean a change in the level of the dependent variable in the case where the content of Portland cement in the binder ranges from 60% to 100%. To calculate the level of variability of the variable depending on the mortar binder composition, the level of all three components (HCFA, LCFA, OPC) and all interactions between them was taken into account. The analysis of linear strain measure of samples subjected to the attack of sodium sulphate, showed a significant effect of the type and quantity of fly ashes used in the mortar. The The analysis of the equations indicates that the use of fly ash has a significant impact on the final linear strain measure, indicate high coefficients for mortar made with the addition of LCFA and HGFA in comparison with mortars made of OPC. The linear regression model confirms the conclusions of the mean linear strain measure and average compressive strength of mortars immersed in sodium sulphate solution, that samples where a part of Portland cement was replaced by fly ashes or a mixture of them have a better sulphate resistance than samples made of Portland cement. Table 3 presents the model of multiple linear regression depending on the composition of the binder.
For the above model, a contour chart was created showing the predicted level of the dependent variable depending on the mortar binder composition (Figure 7) . When analyzing contour diagrams, it is clearly visible that in the case of the sulphate solution impacting cement mortars, the smallest values of linear deformations are characteristic for the centroid region, i.e. for mortars in which a part of the cement was replaced by a mixture of fly ashes (26.6% and 40%) and around 40% HCFA (i.e., mortars in which 40% Portland cement has been replaced with fly ash). Analysis of the above equations indicates that in the case of sulfate attack, the level of high calcium fly ashes have positive effect on strength weakens the level of low calcium fly ashes.
Additional insight into the nature of the mortar binder composition effects on the strength of mortars subjected to a sulphate attack give contour diagrams that show the pre- Table 4 for the strength of the samples immersed in sodium sulphate.
dicted level of the dependent variable depending on the composition of the mortar (Figure 8 ).
Analyzing the contour diagrams, The smaller values of linear strain around the centroid, i.e. for mortars in which part of the cement was replaced by a mixture of fly ash (26.6% and 40%) and the region around 40% HCFA were observed.
Conclusions
1. The admixture of fly ashes to cementitious composites significantly improves the resistance to sulphate attack. Mortar, in which 40% of Portland cement was replaced with LCFA, HCFA or their mixture, showed the best resistance to the solution of sodium sulphate. 2. Less-used HCFA compared to LCFA showed a similar effect on the sulphate resistance of mortars. 3. Bearing in mind the high variability of ash composition, it should be clearly indicated that the results obtained are not of a general nature. However, they contribute to understanding the possibilities of using waste material in cement composites with simultaneous improvement of mortar and concrete properties. 4. Properly selected plan of the experiment associated with statistical analysis allowed to determine the optimal amount of low or high calcium fly ashes or their mixtures, which can be introduced into the binder in order to improve the sulphate resistance of cement composites.
5.
Statistical analysis is only the development of broad and long-term results of laboratory tests regarding mortar durability in a sulphate environment. Nevertheless, due to the very large number of test results and many variable factors, it seems to be necessary for proper assessment of sulphate resistance.
